The type III secretion system (TTSS) encoded by Salmonella enterica serovar Typhimurium pathogenicity island 2 (SPI2) is employed by Salmonella enterica for interaction with host cells during the intracellular phase of pathogenesis. This TTSS secretes a set of SPI2-encoded proteins in vitro and translocates Salmonella serovar Typhimurium translocated effectors (STE) that are encoded by genes outside of SPI2 into host cells. Using an epitope-tagging approach, we analyzed secretion of proteins by the TTSS of SPI2 and identified SseF and SseG as further secreted substrate proteins. Three members of the STE family, SifA, SifB, and SseJ, were secreted under conditions that also induce secretion of SPI2-encoded substrate proteins.
The type III secretion system (TTSS) encoded by Salmonella enterica serovar Typhimurium pathogenicity island 2 (SPI2) is employed by Salmonella enterica for interaction with host cells during the intracellular phase of pathogenesis. This TTSS secretes a set of SPI2-encoded proteins in vitro and translocates Salmonella serovar Typhimurium translocated effectors (STE) that are encoded by genes outside of SPI2 into host cells. Using an epitope-tagging approach, we analyzed secretion of proteins by the TTSS of SPI2 and identified SseF and SseG as further secreted substrate proteins. Three members of the STE family, SifA, SifB, and SseJ, were secreted under conditions that also induce secretion of SPI2-encoded substrate proteins.
Type III secretion systems (TTSS) are complex molecular machines found in a large number of gram-negative pathogens that mediate, in a contact-dependent manner, the translocation of effector proteins from the bacterial cytoplasm into a eukaryotic host cell (12) . However, under certain in vitro conditions, a TTSS can also secrete proteins into a culture medium.
Invasion of eukaryotic cells and intracellular survival and replication in infected host cells are two hallmarks of Salmonella enterica serovar Typhimurium pathogenesis. In Salmonella serovar Typhimurium, two TTSS are involved in these interactions with eukaryotic cells. Both TTSS of Salmonella serovar Typhimurium are encoded by genes on pathogenicity islands. The TTSS encoded by Salmonella serovar Typhimurium pathogenicity island 1 (SPI1) mediates the invasion by Salmonella serovar Typhimurium of nonphagocytic cells such as epithelial cells of the intestinal mucosa and is involved in enteropathogenesis (reviewed in references 7 and 20) . The second TTSS encoded by SPI2 is not involved in invasion but is required for the intracellular phenotypes of Salmonella, such as intracellular survival and replication (for a review, see reference 10).
Until recently, the identities of substrate proteins of the TTSS of SPI2 were unknown. We have identified culture conditions that induce the expression of SPI2 genes in vitro (5) . Furthermore, growth conditions were defined that trigger the secretion of SPI2 substrate proteins in vitro (2) . Under these conditions, three secreted proteins, SseB, SseC, and SseD, have been detected that are associated with the bacterial cell surface after secretion (2, 13, 15) . A role for these proteins in translocation of further effector proteins has been assumed. Further genes in SPI2 are clustered within a group of genes for secreted proteins and their chaperones. It has been proposed that SseE, SseF, and SseG are substrate proteins of the TTSS of SPI2 (11), but so far, there is no experimental evidence for this hypothesis. Recent work by Guy et al. indicated that SseF and SseG are required for an SPI2-related cellular phenotype, i.e., the formation of Salmonella serovar Typhimurium-induced filaments in infected epithelial cells (8) .
A set of effector proteins of SPI2 termed Salmonella translocated effectors (STE) has been identified by virtue of the N-terminal conserved domain (14) . Studies using fusions to the reporter CyaA indicated that intracellular Salmonella translocates STE into the host cells via the TTSS of SPI2. All STE are encoded by genes outside the SPI2 locus. Several of these loci are associated with prophage genes, indicating that these genes may be part of the variable assortment of virulence factors of Salmonella serovar Typhimurium.
We were interested in analyzing the secretion of STE proteins and other putative substrate proteins of the TTSS of SPI2 under in vitro conditions. In this study, the secretion of SifA, SifB, and SseJ as well as of SseF and SseG by the TTSS of SPI2 is reported.
MATERIALS AND METHODS
Bacterial strains and culture conditions. Salmonella serovar Typhimurium strains used in this study are derivatives of Salmonella serovar Typhimurium ATCC 14028. Mutant strains of Salmonella serovar Typhimurium P8G12 (ssrB::mTn5 [18] ) and NP ssaV (ssaV::aphT [6] ) have been described before. Escherichia coli strains XL-1 Blue (Stratagene) and DH5␣ (Gibco-BRL) were used for the propagation of plasmids.
The composition of minimal medium has been described before (5) . Briefly, N-salts medium [5 mM KCl, 7.5 mM (NH 4 ) 2 SO 4 , 0.5 mM K 2 SO 4 , 100 mM Bis-Tris/HCl (pH 7.0), 30 M MgCl 2 , 38 mM glycerol, and 0.1% Casamino Acids] containing a low (30 M MgCl 2 ) or high (10 mM MgCl 2 ) concentration of Mg 2ϩ was used. Minimal medium containing a high (PCN) or low (PCN-P) concentration of phosphate was used as described before (5) . For PCN-P medium at pH 5.8, 80 mM MOPS (morpholinepropanesulfonic acid) was replaced by 80 mM MES (morpholineethanesulfonic acid). All minimal media were prepared with double-distilled H 2 O (H 2 O dd ). If required, medium was supplemented with 50 g of carbenicillin/ml to maintain plasmids.
Generation of epitope-tagged SPI2 and STE proteins. PCR was performed using the Expand high fidelity system (Roche) in order to minimize the error rate of the amplification procedure. Approximately 100 ng of genomic DNA of the Salmonella serovar Typhimurium wild-type strain was used as a template for amplification. DNA manipulations were performed according to standard procedures (17) . Genomic DNA, plasmids, PCR products, and DNA fragments were purified using Qiagen kits according to the instructions of the manufacturer.
A 231-bp SmaI/XbaI fragment encoding the M45 epitope of the adenovirus protein E4-6/7 (16) was kindly provided by W.-D. Hardt (Munich). The fragment was inserted in SmaI/XbaI-digested plasmid pBluescript SKII to obtain plasmid p2062.
A 450-bp fragment containing the SPI2 promoter Pro sseA was obtained by PCR using primers Pro sseA -For-HindIII and Pro sseA -Rev-EcoRI. The PCR product for Pro sseA was digested with HindIII and EcoRI, gel purified, and ligated to HindIII/ EcoRI-digested p2062 to obtain p2064.
Various regions of SPI2 or STE genes were amplified by PCR using the primers specified in Table 1 to introduce restriction sites at the 5Ј and 3Ј ends. These fragments were digested with EcoRI and EcoRV, gel purified, and ligated to the EcoRI/SmaI-digested plasmid p2064. The characteristics of the resulting constructs are depicted in Fig. 1 . These constructs express SPI2 or STE proteins with C-terminal fusions to the M45 epitope tag.
If specific promoters of STE genes were used instead of Pro sseA , PCR was performed with forward primers introducing an EcoRI restriction site. PCR fragments containing specific promoters were ligated to the EcoRI/SmaI-digested plasmid p2062 to obtain gene fusions to the M45 epitope tag.
In order to obtain expression of epitope fusion proteins from a vector with low copy numbers, the inserts of various plasmids were transferred to pWSK29 (21) as listed in Table 2 .
Preparation of surface-associated and secreted proteins. Bacterial strains were grown in Luria broth (LB) for 8 h at 37°C. Bacteria were washed twice in 0.9% NaCl and used to inoculate a 400-ml culture of PCN-P medium at pH 5.8. Cultures were grown overnight in 2-liter glass flasks without baffles with agitation at 200 rpm. Bacteria were pelleted by centrifugation at 6,000 ϫ g for 20 min and resuspended in 20 ml of phosphate-buffered saline. The supernatant was passed through a 0.2-m filter and stored on ice for further use. The pellet was resuspended in 5 ml of phosphate-buffered saline in a 50-ml centrifuge tube (Falcon) and mixed vigorously on a Vortex mixer (Vortex Genie 2; Scientific Industries) for 60 s to detach bacteriaassociated surface structures. Bacteria were pelleted again, and the supernatant TABLE 1. Oligonucleotides used in this study Designation Sequence
a Restriction sites used for cloning of PCR products are underlined. Fig. 2 for details) . Proteins of total cell lysates were separated by SDS-PAGE and transferred onto nitrocellulose membranes. Fusion proteins were detected by using the ␣M45 antibody.
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(detached fraction) was passed through a 0.2-m filter to remove residual bacteria. Protein from the culture supernatant and the detached fraction was recovered by precipitation with trichloroacetic acid (10% [wt/vol] final concentration) on ice for 3 h and centrifugation at 12,000 ϫ g for 45 min. The pellet was washed twice with 15 ml of acetone and recovered by centrifugation at 10,000 ϫ g for 30 min. The final pellet was air dried. To remove salts, the pellet was subjected to methanol-chloroform precipitation (22) . For this purpose, the pellet was resuspended in 0.1 ml of H 2 O dd and 0.4 ml of methanol was added to the sample. The solution was mixed and centrifuged (10 s, 9,000 ϫ g) for recovery of the sample. A total of 0.1 ml of chloroform was added to the sample, mixed, and centrifuged as described above. For phase separation, 0.3 ml of H 2 O dd was added and the sample was mixed vigorously and centrifuged for 10 min at 9,000 ϫ g. The upper phase was carefully removed and discarded. A further 0.3 ml of methanol was added to the remaining chloroform phase and the interphase with the precipitated protein. The samples were mixed and centrifuged again for 2 min at 9,000 ϫ g. The supernatant was removed and the pellet was vacuum dried and finally resuspended in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer (50 mM Tris-HCl [pH 6.8], 4% SDS, 2% ␤-mercaptoethanol, 12.5% glycerol, and 0.001% bromophenol blue).
RESULTS
Generation of epitope-tagged derivatives of STE proteins and SPI2-encoded proteins. Secreted and translocated substrate proteins of the TTSS of SPI2 are encoded by genes both within (see Fig. 1A ) and outside of the SPI2 locus. We studied the secretion of both classes of substrate proteins. It has been reported before that only small amounts of proteins were secreted by the TTSS of SPI2 (2) . To facilitate the detection of such proteins, a universal approach was chosen for labeling candidate substrate proteins with an epitope tag. The M45 epitope tag, an 18-amino-acid peptide of the adenovirus protein E4-6/7, has previously been used to generate fusions to substrate proteins of the SPI1 TTSS. Secretion into the growth medium, as well as translocation into eukaryotic cells, has been demonstrated using C-terminal fusions of candidate proteins to the M45 epitope and by detection with a monoclonal antibody against the M45 epitope (for examples, see references 4 and 9). We established a vector system that allowed the simple construction of fusions between genes for candidate substrate proteins and the M45 epitope. Furthermore, we generated fusions of various STE and other putative substrate proteins of the TTSS of SPI2. C-terminal fusions were constructed with fulllength proteins (Fig. 1B) . Functional fusions were obtained for SifA, SifB, SseJ, SseB, SseF, and SseG but not for SseI. Using the antibody against the M45 epitope in Western blot analyses, we detected single bands of the predicted molecular weights for SseF, SseG, SseJ, and SifB (Fig. 1C) . However, two bands corresponding to approximately 41 and 25 kDa were obtained with the construct encoding SifA-M45 (Fig. 1C) . The presence of the 25-kDa band may indicate an instability of the fusion protein. It has been previously observed that protein fusions of SifA are unstable or susceptible to degradation (3, 14) .
Expression of M45 fusion proteins. Various vector constructs were analyzed for regulated expression of gene fusions. For this purpose, we analyzed levels of fusion proteins synthesized under growth conditions that were previously described as inducing or repressing SPI2 gene expression. Limitation of the amount of phosphate or magnesium in the growth medium was shown to induce the expression of genes under the regulatory control of SsrAB, the two-component system of SPI2 (5) . Strains harboring plasmids for the expression of M45-tagged proteins were grown in LB, minimal medium with high (PCN) or limiting (PCN-P) amounts of phosphate, and minimal medium with high or limiting concentrations of magnesium. The amounts of fusion proteins synthesized were analyzed by Western blotting of total cell lysates using an antibody against the M45 epitope.
We first analyzed the expression of sseB::M45 under the control of the SPI2 promoter Pro sseA . Fusion proteins expressed by a high-copy-number vector were detected after growth under all medium conditions investigated, as well as in the background of an ssrB mutation, indicating that expression was not coordinately regulated (data not shown). When the same fusion construct was analyzed in the background of the low-copy-number vector pWSK29, the epitope-tagged protein was only observed in minimal medium starved of phosphate or magnesium. In the background of an ssrB strain (P8G12, ssrB::mTn5), no epitope-tagged protein was observed ( Fig.  2A) . A mutation in ssaV, a structural component of the TTSS of SPI2, had no effect on the levels of the fusion protein ( Fig.  2A) . The effects of medium composition and mutations in ssrB or ssaV on the levels of SseB-M45 were comparable to those of previous observations and indicated that constructs generated based on low-copy-number vector pWSK29 were regulated in a fashion similar to that of the chromosomal alleles. Therefore, for all subsequent studies, gene fusions were constructed in the background of pWSK29. Furthermore, promoter Pro sseA was used for the expression of sseF::M45 and sseG::M45 fusions, and similar effects of growth medium on protein levels were observed ( Fig. 2A) .
We then analyzed the dependence of levels of STE proteins SifA, SifB, and SseJ on growth under various medium conditions and on the background of a mutation in the SPI2-encoded regulator SsrB. As observed for fusions under the control of Pro sseA , no fusion proteins were detected in the ssrB background, indicating that functional SsrB was absolutely required for the expression of all of these constructs (Fig. 2B) . Effects on the levels of SifA and SseJ of medium conditions imposing phosphate or magnesium starvation were similar to the effect of similar constraints on SPI2-encoded SseB. These observations indicate that the promoters of sifA and sseJ have similar characteristics to those within SPI2. In contrast to SifA and SseJ, SifB was also detected in bacteria grown in rich or minimal medium with nonlimiting amounts of phosphate or magnesium.
After growth in various minimal media in acidic pH conditions, protein levels of M45 fusion proteins were rather heterogeneous. In acidic pH conditions, effects of nutritional limitations on protein levels of SseB-M45 are less pronounced than at neutral pH. In contrast, high levels of SseG-M45 and SifA-M45 were only detected in cultures grown in minimal medium with phosphate For all fusion proteins, high levels were detected in lysates of cultures grown in PCN-P (pH 5.8). As these growth conditions also induce the secretion of SseBCD (15), subsequent analyses of the secretion of the fusion proteins were performed with cultures grown under these conditions.
M45-tagged SseB is secreted in vitro.
To analyze whether M45-tagged proteins are secreted in vitro by the TTSS of SPI2, we first performed secretion experiments with SseB, a known substrate protein (3) . Salmonella serovar Typhimurium wildtype and ssaV mutant strains, both containing plasmid-borne sseB::M45, were grown in PCN-P medium in neutral and acid pH conditions. The distribution of putative substrate proteins was analyzed in the bacterial pellet, in the culture supernatant, and in the protein fraction that was detached from the bacterial cell surface by mechanical forces. Previous analyses of SseB, SseC, and SseD showed that, after secretion, these proteins mainly accumulate in the cell surface-associated fraction and are present only in small amounts in the culture supernatant (2, 13). The native SseB protein and the SseB-M45 protein were detected in the detached fraction of the wild-type strain grown in acidic pH conditions, indicating that both proteins are secreted and located on the bacterial cell surface. No secretion of SseB or SseB-M45, at neutral pH or by the ssaV strain, was observed (Fig. 3) .
SseF and SseG are secreted target proteins of the TTSS of SPI2. The SPI2-encoded proteins SseF and SseG have been suggested to be substrate proteins of the TTSS of SPI2 (11) . However, the secretion or translocation of these proteins has not been demonstrated so far. Here, we analyzed secretion of SseF and SseG in vitro. After growth of Salmonella serovar Typhimurium wild-type harboring plasmids for the expression of sseF::M45 or sseG::M45 in PCN-P at pH 5.8, both SseF-M45 and SseG-M45 were detected in the protein fraction detached from the cell surface as well as in the culture supernatant ( Fig.  4A and B) . When these strains were grown under SPI2-inducing conditions at neutral pH or in the background of a mutation in ssaV, SseF-M45 or SseG-M45 were detected neither in the detached fraction nor in the culture supernatant ( Fig. 4A  and B) . Taken together, these observations indicate that SseF and SseG are secreted substrate proteins of the TTSS of SPI2. STE proteins are secreted in vitro by the TTSS of SPI2. We extended the analysis of secretion to members of the newly defined family of STE proteins. Translocation of N-terminal domains of STE proteins fused to CyaA into host cells has been observed, but secretion of full-length STE proteins has not been analyzed (14) . By applying in vitro conditions inducing the secretion of SPI2-encoded substrate proteins, we observed that SseJ-M45, SifA-M45, and SifB-M45 were present in a protein fraction on the bacterial cell surface. SseJ-M45 and SifB-M45 were also detected in the culture supernatant. No secretion of the fusion proteins was observed in the ssaV strain or after growth under inducing neutral-pH conditions (Fig. 4C,  D , and E).
All of the STE fusion proteins were present in a surfaceattached fraction. After secretion, these proteins may aggregate into macromolecular complexes, as was observed previously for the SPI2-encoded substrate proteins SseB, SseC, and SseD (2, 13) . Aggregation of proteins after secretion may be due to the composition of the secretion medium, namely, acidic pH conditions and lack of complex nutritional factors such as peptides and polysaccharides.
Only a protein of 41 kDa, representing the full-length SifA-M45 fusion protein, was detected in the detached fraction after growth at pH 5.8. This observation may indicate that an Nterminal truncated form of SifA-M45 is present in the bacterial cytoplasm that is not secreted by the TTSS of SPI2.
DISCUSSION
Recent studies showed that a set of secreted substrate proteins of the TTSS of SPI2 are encoded by genes within the SPI2 locus (2, 13, 15) . In addition, a family of STE exists for SPI2, encoded by genes outside the SPI2 locus. The translocation of STE proteins into host cells by the TTSS of SPI2 has been demonstrated indirectly using the CyaA reporter technique (14) and has been postulated based on indirect evidence (3) . In this study, we have shown that several STE proteins can be secreted in vitro under conditions that trigger the secretion of SseBCD. The substrate proteins SseBCD are encoded by genes within SPI2 and function as a translocon for the translocation of effector proteins into host cells (15) . The data presented here confirm that SifA, SifB, and SseJ are substrate proteins of the SPI2 TTSS.
Our data demonstrate that the SPI2-encoded proteins SseF and SseG are additional secreted substrate proteins of the TTSS FIG. 3 . Secretion of SseB and the SseB-M45 fusion protein by the TTSS of SPI2. Secretion of native and M45-tagged SseB was analyzed for Salmonella serovar Typhimurium wild-type (wt) strain and a mutant strain defective in the TTSS of SPI2 (ssaV). Bacteria were grown in 400 ml of PCN-P at pH 7.4 or pH 5.8 to induce expression of the TTSS and secretion of substrate proteins. Protein present on the bacterial cell surface and in the culture supernatant was recovered as described in Materials and Methods. For analysis of the bacterial pellet, equal amounts of bacterial cells as adjusted by optical density at 600 nm were analyzed. Equal amounts of bacterial cells and culture supernatant were processed to analyze protein in the detached and supernatant fractions, respectively. Under the assay conditions, all cultures grew to a comparable cell density. Western blots were incubated with a polyclonal antiserum raised against recombinant SseB (2) and goat anti-rabbit IgG horseradish peroxidase conjugate as primary and secondary antibodies, respectively. of SPI2. At present, the role of these proteins is unclear. Mutants in sseF or sseG are not attenuated in the animal model of salmonellosis and show only slightly reduced replication inside cultured macrophages (11) . However, SseF and SseG are required for the formation of Salmonella-induced filaments (Sif) in infected epithelial cells (8) . These observations suggest that SseF and SseG have functions that are required only in a subset of host cell types. Furthermore, as the functions of SseF and SseG are not absolutely required for the SPI2 phenotype, these proteins may not contribute to the translocon formation as shown for SseBCD (15) . These observations support the hypothesis that SseF and SseG are more likely to be members of the family of translocated effector proteins with partially redundant or overlapping functions in the host cell.
Our data indicate the existence of a secretion signal for both STE and SPI2-encoded substrate proteins in addition to a translocation signal specific for STE. While the translocation signal for substrate proteins of the TTSS of SPI2 is defined by a conserved amino acid motif, a conserved domain for secretion is not present in these proteins. Such a secretion signal may be located on the mRNA, as reported for substrate proteins of the plasmid-encoded TTSS of Yersinia spp. (1) . This model might imply that SPI2-encoded proteins such as SseF and SseG are not translocated into host cells, as SPI2-encoded substrate proteins lack a conserved amino acid domain. We also applied the tagged approach to SpiC (SsaB), a SPI2-encoded protein previously described as a translocated effector (19) . Under the assay conditions described here, we could not detect secretion of a SpiC-M45 fusion protein in vitro (unpublished observations).
Rapid secretion of SseB within minutes after shifting Salmonella serovar Typhimurium cultures from SPI2-inducing neutral medium to acidic medium has been observed. Further analysis of the secretion of SseBCD indicated that these proteins are detectable in a detached fraction obtained by mechanical shearing not earlier than 2 h after shifting cultures to acidic pH (15). We have not been able to detect M45-tagged proteins in the detached fraction obtained by the method described here within minutes after shifting cultures to acidic medium (data not shown). We assume that larger amounts of SseBCD and additional substrate proteins of the SPI2 system have to accumulate on the bacterial surface before these proteins can be detached by the mechanical shearing method applied in this study.
In conclusion, we have identified SseF and SseG as further substrate proteins of the TTSS of SPI2 and demonstrated that SPI2-encoded as well as STE proteins are secreted by the TTSS of SPI2 under in vitro conditions. The experimental setup used in this study only detects secretion of substrate proteins, not translocation into host cells. Further work is needed to reveal whether SseF and SseG are also translocated into the host cell by intraphagosomal Salmonella serovar Typhimurium or whether SseF and SseG are components of the translocon that have accessory functions for the translocation of effector proteins.
